Sucrose, unlike the other common disaccharides, maltose and lactose, has been reported to be absorbed poorly from jejunum in man. The present studies were designed to examine further the absorption of sucrose in normal man.
Sucrose, unlike the other common disaccharides, maltose and lactose, has been reported to be absorbed poorly from jejunum in man. Using a single-lumen tube technique and giving a carbohydrate-protein-fat meal with a single disaccharide as the source of carbohydrate, Dahlqvist and Borgstr6m (1) reported efficient absorption of lactose and maltose from human jejunum but minimal absorption of sucrose. They assumed that sucrose must have been absorbed in lower jejunum and ileum, but no ileal studies were performed. This apparent difference in the site of absorption of sucrose as compared to maltose and lactose has been quoted as fact (2, 3) , and, if true, might serve to distinguish jejunal and ileal malabsorptive disease in man on the basis of comparative blood sugar curves after ingestion of the different disaccharides.
Dahlqvist (4) subsequently reported data demonstrating maximal activity in human jejunum for the sucrose splitting enzyme, sucrase, but he did not relate this information to the site of hydrolysis and absorption of sucrose. In addition, recent extensive disaccharidase determinations on human intestinal mucosa by Auricchio and co-workers (5) have demonstrated activity of sucrase in jejunal and ileal mucosa to be similar, a finding that would not be expected if sucrose were hydrolyzed and absorbed principally in ileum.
The present studies were designed to examine further the absorption of sucrose in normal man.
Methods
Twenty-three normal young adults (21 males, 2 females) were studied on 50 occasions. A double-lumen polyvinyl tube with a small, terminal, mercury-filled balloon (6) was swallowed the evening before the study and allowed to move into the small intestine overnight. Subjects were permitted to have a supper containing clear liquids on the day before the study, but they ingested nothing but water for the 12-hour period before begining the experiment. One lumen of the tube was used to collect intestinal samples through an orifice placed just proximal to the terminal balloon. The other lumen, through which the test solution was infused, had its opening 30 cm proximal to the collecting orifice. Position of the tube was checked fluoroscopically before the study, and any coiling in the stomach was removed. When the collecting orifice was a distance of 60 to 100 cm from the incisor teeth, it was found fluoroscopically to be in the duodenum, when 100 to 170 cm in the jejunum, and when 170 to 260 cm in the ileum. At distances exceeding 260 cm, the distal orifice of the tube was often found to be in the colon. These relationships are similar to those previously reported (1, (6) (7) (8) found to have less than 0.5%o impurity by paper chromatography. 2 Model 600-1200, Harvard Apparatus Co., Dover, Mass. 390 sorbable, water-soluble marker, and measured by a modification of Hyden's method (9) . After an initial 30-minute equilibration period, there was little variation in the concentration of PEG in siphoned samples from one collection period to the next (mean ± 5%), and the values for disappearance of the test sugar were reproducible (mean ± 7%). Samples were collected in vessels surrounded by crushed ice and either deproteinized and analyzed immediately or stored at -150 C. Specimens frozen for 2 to 3 months were found to contain the same amounts of sucrose and its monosaccharide products as were present immediately after collection, and only minimal variations were noted even after freezing for 4 to 12 months. The infusate samples as well as those siphoned from the distal collecting site were deproteinized by Ba(OH)2 and ZnSO4 (10) and then filtered through no. 42 Whatman paper. The filtrate was analyzed for sucrose, its monosaccharide products, and PEG.
Sucrose determination. Sucrose was analyzed by a twostep reaction: a) hydrolysis of 1 ml of deproteinized filtrate (containing up to 3 mg of sucrose) by incubation for 1 hour at 37°C with 1 ml of buffered yeast invertase solution (1) . Any free glucose present in the original sample before the hydrolysis step was subtracted from total glucose found after hydrolysis. No filtering of the G.O. reagent was required, and it was stable for several days under refrigeration at 100 C.
To 1 ml of the hydrolyzed solution, diluted as necessary, 2.5 ml of the G.O. reagent was added; incubation was carried out for 1 hour at 370 C, and the color intensity was read at 420 mu in a spectrophotometer. Sucrose and D-glucose 6 standard solutions, as well as appropriate reagent and invertase blanks, were handled identically to samples. A linear relationship of optical density to concentration prevailed from 0 to 75 Atg of glucose in the reaction mixture. Assay of hydrolyzed sucrose solutions for total glucose plus fructose by the hexokinase reagent (described below) showed that equal amounts of glucose and fructose were released when sucrose was hydrolyzed, thereby demonstrating that measurement of the glucose hydrolysis product is a valid means of determining sucrose. Sucrose or glucose or both added to small intestinal contents individually or in combination to yield 1 to 150 mM concentrations could be recovered 100± 5% by the method. The Tris in the buffer completely inhibited activity of contaminating in- 3 Analytical grade, Nutritional Biochemicals Corp.. Cleveland, Ohio. 4Purified Type II, Sigma Chemical Co., St. Louis, Mo. 5 Nutritional Biochemicals Corp., Cleveland, Ohio. 6 Analytical grade, Merck Co., Rahway, N. J.
vertase in the glucose oxidase so that it was possible to accurately assay 5 ug of glucose even when 2,500 /Ag of sucrose was present in the reaction mixture. Sensitivity of the method was found to be the same with the Tris buffered reagent as with the more commonly used phosphate buffer (11) . Glucose-fructose determiniation. Considerable quantities of glucose and fructose, the monosaccharide hydrolysis products of sucrose, were found in the collected intestinal samples. Total glucose plus fructose7 was specifically assayed by a modification of Schmidt's (14) hexokinase-phosphohexose isomerase-glucose-6-phosphate dehydrogenase system. The hexokinase reagent consisted of 50 ml of .05 M triethanolamine buffer at pH 7.6 (15), 2 ml of 100 mM ATP,8 2 ml of 100 mM MgCl2, 16 enzyme U of glucose-6-phosphate dehydrogenase,9 8 enzyme U of hexokinase,9 and 8 enzyme U of phosphohexose isomerase.9 To 0.5 ml of the deproteinized filtrate, suitably diluted, 2.5 ml hexokinase reagent was added. One-tenth ml (0.4 mg) of TPN was added to start the reaction. The reaction mixture was incubated at 300 C for 1 hour, and the amount of TPNH produced was determined spectrophotometrically at 340 m1u. Deproteinized samples plus reagent were found to read the same as water plus reagent; hence it was not necessary to obtain a control spectrophotometric reading before adding TPN. However, a blank containing water, reagent, and TPN was used since the TPN itself did result in some spectrophotometric reading. Since deproteinized intestinal samples did not contain detectable amounts of intermediate reaction products (glucose-6-phosphate, fructose-6-phosphate), it was not necessary to add individual enzymes sequentially; therefore all enzymes were included in the reagent. Zero to 40 ,ug of total hexose (glucose or fructose or both) in the reaction mixture resulted in a linear relationship of optical density to concentration. Optical density readings were stable for at least 2 hours after incubation, and sucrose in samples did not interfere with the reaction.
Sucrase assay. All samples collected during the studies were assayed by measuring the glucose released (G.O. method above) from incubation of equal volumes of collected intestinal sample and 0.056 M sucrose substrate according to Dahlqvist (1, 4) except for the following modifications: a) a buffer pH of 5.8 was used instead of 6.0, since Auricchio and co-workers (5) have shown this to be the pH optimum for human disaccharidases; b) the control reaction at time zero and the incubated reaction at 1 hour were stopped with Ba (OH)2-ZnSO4 deproteinization (10) rather than by boiling. Deproteinization was found to be as effective as boiling in destroying the sucrase activity present.
Calculations. Sucrose that disappears from the intestinal lumen might be absorbed intact or be hydrolyzed to its monosaccharide products, glucose and fructose. However, in man no appreciable amount of sucrose appears to be absorbed intact into the blood, for any sucrose that enters blood is excreted quantitatively in urine (16) (17) (18) (19) , but only trace amounts are found in urine of humans after a sucrose meal (20) (21) (22) (23) . Further, no sucrosuria was found in our subjects as measured by enzymatic assay or by paper chromatography (20, 21) . Hence it may be assumed that whatever sucrose disappears is hydrolyzed before it enters the blood stream.
Not all of the products of sucrose hydrolysis were absorbed, however, in the test segment, since appreciable quantities of glucose and fructose were found within the lumen at the collecting orifice. Hence sucrose absorption was determined in terms of its monosaccharide products as follows: sucrose disappearance = sucrose hydrolysis=2 [Sr-V-SSV (Pi/Pc)]; sucrose absorp-
Hydrolysis and absorption are expressed as millimoles monosaccharide per hour, and symbols refer to millimolar concentrations as follows: Si= sucrose in infusion; S = sucrose in collected samples; V = volume (liters infused in 1 hour); Pi = PEG in infusion; P, = PEG in collected samples; Gc=unabsorbed glucose in collected samples; FC = unabsorbed fructose in collected samples.
Results Site of sucrose hydrolysis and absorption. Figure 1 demonstrates the results of paired infusion studies carried out in eight subjects who received 73 mM sucrose and in eight different subjects who were given 146 mM sucrose. Except for one subject in each group, absorption of sucrose was more rapid from jejunal than from ileal segments, the differences being statistically significant for both 73 mM and 146 mM concentrations (paired analysis t test, p < 0.001). ously mentioned as well as all other studies with 146 mM sucrose. Absorption was maximal in jejunum and considerably less in ileum (p < 0.001).
During the process of absorption of sucrose, its hydrolytic products glucose and fructose accumulated in the lumen in appreciable quantities. The amounts of total monosaccharide that appeared are shown in Figures 3 and 4 . The glucose and fructose that accumulated intraluminally presumably represented unabsorbed products of sucrose hydrolysis. That these monosaccharides did not come from a source other than sucrose is supported by the finding that intestinal contents of 15 fasting subjects, three of whom were given iv gluzose to increase the gradient between blood and intestinal lumen, contained no detectable glucose or fructose. Figure 3 relates monosaccharide accumulation to the level of intestine under study. Accumulation was slight in duodenum and considerably greater in jejunum and ileum; however, despite the greater sucrose absorption rates in jejunum, there was no difference in the amount of monosaccharide accumulating intraluminally in jejunal as compared to ileal segments. In addition, even though the intraluminal monosaccharides are produced from sucrose, the linear relationship between monosaccharide appearance and sucrose disappearance, i.e., sucrose hydrolysis, was of a low order (r = 0.51) (Figure 4) . However, it is quite unlikely that this degree of correlation could have occurred by chance (p < 0.001). Table I summarizes the results of all infusion studies. Comparison of the mean rates of hydrolysis and absorption demonstrates that hydrolysis exceeded absorption by a greater relative amount in ileum. This is expressed in the last two columns in Table I sucrose that was absorbed is compared with that which accumulated intraluminally. The fraction of hydrolyzed sucrose absorbed was significantly greater in jejunum than in ileum (p < 0.01).
Intraluminal sucrase activity. Measured sucrase activity of intraluminal contents was quite low and could not account for the sucrose hydrolysis, as has been reported by others (1, 8) . However, in addition, the sucrase activity of collected samples was not sufficient to explain the intraluminal monosaccharide accumulation ( Figure 5 ). This suggests that these monosaccharides were released from sucrose split by mucosa-bound enzyme rather than from sucrose hydrolyzed by sucrase free in the intestinal contents.
It is of course possible that the in vitro sucrase assay of collected intestinal contents does not represent the true sucrase activity in vivo. If intraluminal sucrase were destroyed by a protease or by some other means after it had hydrolyzed its substrate, results of the sucrase assay would be falsely low. However, sucrase activity did not decrease appreciably when intestinal specimens were incubated at 370 for 1 hour before assay (Table II) . This suggests that there is negligible destruction of intraluminal sucrase in the few minutes required for the test solution to traverse the 30-cm intestinal segment and therefore that the in vitro assay showing very low activity is a reasonable measure of intraluminal sucrase.
Oral meal studies. Since Dahlqvist and Borgstrom's finding of minimal absorption of sucrose in human jejunum was based on the use of a meal containing fat and protein as well as the disaccharide (1), four subjects were given the identical oral meal and samples collected from a single lumen tube placed at jejunal levels. As shown in Table III , 90 to 100% of the sucrose was absorbed by the time the meal reached mid-to low jejunal levels, and the small amount of sugar remaining intraluminally was almost completely in the form of monosaccharide products. Paper chromatography by the method of Bickel (20) (21) of the intestinal contents from the subjects given the meal verified the presence of glucose and fructose.
Discussion
The infusion studies demonstrated efficient hydrolysis and absorption of sucrose in human jejunum at rates that were approximately twice as rapid as in ileal segments. The extent of jejunal absorption can be appreciated from Figure 2 , which shows that an average of 50%o of the sucrose infused was absorbed; this amounts to 22 g per hour per 30-cm segment.
The meal studies showed almost complete absorption of the ingested sucrose in jejunum, which is in contrast to the minimal absorption (about 15%) previously reported by Dahlqvist and Borgstrom (1). These markedly different results cannot be ascribed to techniques of sugar analysis (2) of lactose intolerance in a patient who had a normal blood sugar rise after the ingestion of sucrose even though the ileum had been surgically removed 3 months previously. Thus it appears that the site of absorption of sucrose is no different from that of other disaccharides (1, 25) and monosaccharides (26) (27) (28) .
It has previously been reported that intraluminal sucrase activity cannot account for the rate of disappearance of sucrose from the intestine (1, 8) . In addition, our studies demonstrate that intraluminal sucrase activity also could not explain the rate of appearance of the monosaccharide hydroly- (5) , the slower hydrolysis rates in ileum could possibly be explained by the fact that the surface area per unit length of intestine is considered to be less in ileum (30) (31) (32) . However, a greater percentage of the released monosaccharide products was absorbed in jejunum than in ileum, indicating that absorption lags proportionately further behind hydrolysis in ileum than in jejunum. If surface area difference were the only important factor, a parallel decrease in both hydrolysis and absorption would have been expected at lower levels of intestine. Therefore some factor or factors other than mere surface area differences probably play a role in producing different absorption rates from jejunum and ileum.
Lack of proportional change in hydrolysis and absorption could have occurred if sucrose were hydrolyzed intraluminally in ileum by bacteria to a greater extent than in jejunum, thereby resulting in an artificially high ileal hydrolysis rate. However, neither aerobic nor anaerobic sucrase assay, which should measure bacterial as well as succus entericus enzyme activity, demonstrated the intraluminal activity that would be necessary to explain the proportionately greater accumulation of monosaccharides within the ileal lumen. Summary 1) The site of intestinal absorption of the disaccharide sucrose was studied in normal man by the use of both an oral meal and an infusion technique. Contrary to current opinion, both hydrolysis and absorption were quite efficient in human jejunum. Furthermore, as demonstrated by the infusion experiments, sucrose absorption rates were considerably more rapid in jejunal segments than in ileal segments (p < 0.001).
2) In addition to the lower rates of hydrolysis and absorption in ileum, absorption appeared to be retarded even more than hydrolysis at ileal as compared to jejunal levels of intestine. This suggests that a difference in surface area cannot account by itself for the greater absorption rates in jejunum.
3) During sucrose absorption appreciable amounts of glucose and fructose appeared in the intestinal lumen. The amounts of the monosaccharide products of sucrose hydrolysis that accumulated could not be explained by intraluminal sucrase activity. These findings suggest that considerable amounts of glucose and fructose were released from sucrose hydrolyzed by mucosabound enzyme and that these monosaccharides moved from the mucosal surface to the lumen to be absorbed subsequently.
